Cyclooxygenase-2 (COX-2), a prostanoid-synthesizing enzyme that contributes to the toxicity associated with inflammation, has recently emerged as a promising therapeutic target for several illnesses, ranging from osteoarthritis to Alzheimer's disease. Although COX-2 has also been linked to ischemic stroke, its role in the mechanisms of ischemic brain injury remains controversial. We demonstrate that COX-2-deficient mice have a significant reduction in the brain injury produced by occlusion of the middle cerebral artery. The protection can be attributed to attenuation of glutamate neurotoxicity, a critical factor in the initiation of ischemic brain injury, and to abrogation of the deleterious effects of postischemic inflammation, a process contributing to the secondary progression of the damage. Thus, COX-2 is involved in pathogenic events occurring in both the early and late stages of cerebral ischemia and may be a valuable therapeutic target for treatment of human stroke.
S
troke remains a major cause of death and disability worldwide (1) (2) (3) (4) . After many years of setbacks, effective treatments for stroke, based on thrombolysis and restoration of flow, have been developed (5, 6) . However, these therapies can be safely administered only in those patients who reach medical attention during the first few hours after the onset of the stroke (7, 8) . Therefore, it would be important to develop treatments that target downstream events in the ischemic cascade. Furthermore, it would be desirable to combine thrombolytic therapy with other therapeutic strategies aimed at protecting the brain from the residual ischemia (9) . Immediately after induction of ischemia, activation of glutamate receptors initiates the ischemic cascade and contributes to the damage that occurs in the early stages of cerebral ischemia (refs. 10 and 11; see ref. 12 for a review). At later times after ischemia, the tissue damage continues to evolve (13) , and inflammation and programmed cell death are thought to be major factors in the progression of the injury (refs. 14-17; see ref. 18 for a review).
Cyclooxygenase (COX)-1 and COX-2 are enzymes involved in the first step of the synthesis of prostanoids (see ref. 19 for a review). COX-1 is expressed constitutively in many organs and contributes to the synthesis of prostanoids involved in normal cellular functions. COX-2 is thought to be an inducible enzyme whose expression is up-regulated in pathological states, most notably those associated with inflammation (see ref. 20 for a review). There is substantial evidence that COX-2 reaction products are responsible for cytotoxicity in models of inflammation (see ref. 21 for a review). Thus, COX-2 inhibitors are potent antiinflammatory agents and have recently been introduced in clinical practice with notable success (22, 23) .
In brain, COX-2 is present in selected neurons (24) (25) (26) , and its expression is up-regulated in several neurological diseases, including stroke, Alzheimer's dementia, and seizures (24, (27) (28) (29) . In rodents as in humans, cerebral ischemia up-regulates COX-2 in neurons, blood vessels, and inflammatory cells infiltrating the injured brain (27, 28, 30) . However, experimental evidence linking COX-2 to the mechanisms of brain injury associated with these conditions is lacking. For example, although it is well established that cerebral ischemia increases COX-2 expression in the damaged brain, studies using COX inhibitors in models of focal cerebral ischemia have yielded conflicting results (28, 31, 32) . Furthermore, studies using COX-2 inhibitors cannot exclude effects unrelated to COX-2, such as modification of gene expression or activation of peroxisome proliferator-activated receptors (33, 34) . In view of the increasing use of COX-2 inhibitors as antiinflammatory agents in the elderly-a population with an increased risk for stroke-it would be of great interest to define the role of COX-2 in ischemic brain injury.
Mice with a null mutation of the COX-2 gene have been a useful model for investigating the role of COX-2 in systemic inflammation, thermoregulation, and cerebrovascular regulation (refs. 35 and 36; see ref. 37 for a review). In the present study, therefore, we used COX-2-deficient mice to gain further insight into the role of COX-2 in ischemic brain injury.
Methods
Animals. COX-2-null mice were obtained from a colony established at the University of Minnesota (35, 36) . Mice (SV129 ϫ C57BL͞6J) were back-crossed to C57BL͞6J mice five or six times and were studied at age 2-3 months. Experiments were performed in age-matched littermates [wild-type (ϩ͞ϩ), heterozygous (ϩ͞Ϫ), and homozygous (Ϫ͞Ϫ)] to minimize confounding effects deriving from the genetic background of the mice. The genotype of all COX-2 mice was determined by PCR with the use of primers and methods described previously (35) . No alterations in the anatomy of large cerebral vessels were noticed in COX-2-null mice. C57BL͞6J mice were obtained from The Jackson Laboratory. controlled infrared lamp. A 2-mm hole was drilled in the inferior portion of the temporal bone to expose the left MCA. The MCA was elevated and cauterized distal to the origin of the lenticulostriate branches. Mice in which the MCA was exposed but not occluded served as sham-operated controls. Wounds were sutured and mice were allowed to recover and were returned to their cages. Rectal temperature was controlled until mice regained full consciousness. Thereafter, rectal temperature was measured daily until the time of sacrifice. There were no major differences in rectal temperature among COX-2 ϩ͞ϩ, ϩ͞Ϫ, and Ϫ͞Ϫ mice before MCA occlusion or after ischemia. For example, 48 h after MCA occlusion rectal temperature was 36.2 Ϯ 0.1°C in COX-2 ϩ͞ϩ, 36.6 Ϯ 0.1 in ϩ͞Ϫ, and 36.0 Ϯ 0.2 in Ϫ͞Ϫ mice (P Ͼ 0.05, analysis of variance).
Reverse Transcription-PCR (RT-PCR)
. mRNA for COX-2 was detected by RT-PCR as previously described (28) . Mice were killed 24 h after ischemia (n ϭ 4 per time point), and their brains were removed. This time point was chosen because COX-2 mRNA expression reaches a plateau 24 h after MCA occlusion in mice (39) . A 4-mm-thick coronal brain slice was cut at the level of the optic chiasm, and samples including the infarcted cortex and the corresponding area of the contralateral cortex were collected and frozen in liquid nitrogen. Total RNA was extracted from the tissue according to the method of Chomczynski and Sacchi (40) . RNA integrity was determined on denaturing formaldehyde gels. Aliquots of total RNA (0.25 g) were used in the RT reaction mixed with 0.5 g of oligo(dT) primer as directed (18-mer; New England Biolabs). First-strand cDNA synthesis was then carried out with the use of Moloney murine leukemia virus reverse transcriptase (New England Biolabs) according to the manufacturer's instructions. After heating at 95°C for 10 min, 5 l from each RT reaction mixture was used for PCR amplification. Primers (0.2 M each) for the sequence of interest and for porphobilinogen deaminase (PBD), a ubiquitously expressed sequence, were used in a final volume of 50 l. COX-2 primers were as follows: forward, 5Ј-CCAGATGCTATCTTTGGG-GAGAC-3Ј; reverse, 5Ј-GCTTGCATTGATGGTGGCTG-3Ј, which result in a PCR product of 249 bp. COX-1 primers were as follows: forward, 5Ј-GAATACCGAAAGAGGTTTG-GCTTG-3Ј; reverse, 5Ј-TCATCTCCAGGGTAATCTGGCAC-3Ј, which yields a 374-bp product. PBD primers were as follows: forward, 5Ј-GCCACCACAGTCTCGGTCTGTATGCGAGC-3Ј; reverse, 5Ј-TGTCCGGTA ACGGCGGCGCGGCCA-CAAC-3Ј. The ''hot start'' method was used with the following cycle parameters: 94°C, 15 s; 68°C, 30 s; 73°C, 20 s, for five cycles, then 94°C, 15 s; 64°C, 30 s; 73°C, 20 s, for 35 cycles; and 73°C, 15 min. Reaction products were then separated on an 8% polyacrylamide gel, stained with ethidium bromide, and photographed. Each set of PCRs included control samples run without RNA or in which the RT step was omitted to ensure that PCR products resulted from amplification from the COX-2 mRNA rather than genomic DNA. The OD of the bands was determined by a gel image analysis system (Molecular Analyst; Bio-Rad). In some studies, measurements were normalized to the OD of the PBD band used as an internal standard (28, 41) .
Competitive RT-PCR was used to determine more accurately the magnitude of mRNA induction (28) . A deletion construct was synthesized that consisted of the same sequence amplified from the endogenous COX-2 message but missing an internal 79-nucleotide fragment. To generate the construct, a pair of COX-2 primers was prepared: forward: 5Ј-CCAGATGC-TATCTTTGGGGAGAC-3Ј; reverse: 5Ј-GCTTGCATTGAT-GGTGGCTG-3Ј, which result in a 249-bp PCR product. The PCR product was then digested with a restriction enzyme, Sau3AI (New England Biolabs). The sample was then religated at 14°C overnight with T4 DNA ligase (New England Biolabs), and the ligase was inactivated at 65°C for 15 min. A 1-l aliquot of the religated sample was then amplified with the use of the COX-2 forward and reverse primers described above. Products were separated on a polyacrylamide gel, and a main product of 170 bp was excised from the gel. The construct was eluted from the crushed gel with T.E. buffer (10 mM Tris͞1 mM EDTA, pH 8.0) at 55°C for 4 h and purified for use in the competition assay. The RT reaction mixtures (5 l each) of the animals killed 24 h after ischemia (n ϭ 4 per group) were coamplified with known amounts of deletion construct (0.25-25 fg). The PCR products were then separated on a gel, and the gel was stained with ethidium bromide and photographed. The OD of the bands was determined by image analysis. For data analysis, the log of the OD ratio (COX-2͞construct) was plotted as a function of the log of the concentration of the construct and fitted by linear regression analysis (28, 42) . The 0 value of the log of the ratio (COX-2͞construct) (y axis) represents the point at which the COX-2 PCR product and the construct are present in equal amounts. Therefore, the amount of the construct corresponding to the 0 ratio (x axis) represents the amount of the COX-2 PCR product before PCR amplification (42, 43) . PGE 2 concentration was determined in the cerebral cortex ipsilateral and contralateral to the lesion with the use of an enzyme immunoassay kit (Cayman Chemicals, Ann Arbor, MI) as previously described (28) . Prostanoids were extracted with 100% methanol according to the method of Powell (see ref. 28) , and the PGE 2 concentration was determined spectrophotometrically according to the instructions provided with the kit.
NMDA Microinjection in Neocortex. In halothane-anesthetized mice the dura overlying the parietal cortex was exposed, and NMDA (20 nmol in 200-300 nl of sterile 0.1 M PBS, pH 7.4) was injected with a glass micropipette (tip 40-50 m) connected to a microinjection device. The micropipette was inserted into the parietal cortex at a site 1.5 mm caudal to bregma, 4.0 mm from the midline, and 0.8 mm below the dural surface. The micropipette was left in place for 10 min, to minimize back-flux of NMDA, and then removed. Mice were returned to their cages and allowed to survive for 3 h for PGE 2 measurement and for 24 h for determination of lesion volume.
Determination of Lesion Volume. Mice were killed 1 and 4 days after MCA occlusion or 1 day after NMDA injection. Brains were removed and frozen in cooled isopentane (Ϫ30°C) 38) . In studies of cerebral ischemia, infarct volume in cerebral cortex was corrected for swelling to factor out the contribution of ischemic edema to the total volume of the lesion (38, 44) .
Monitoring of Cerebral Blood Flow (CBF).
Techniques used for monitoring CBF after MCA occlusion have been published (38) . Mice were anesthetized with halothane (maintenance 1%), and the femoral artery and trachea were cannulated. Mice were artificially ventilated with an oxygen-nitrogen mixture by a mechanical ventilator (SAR-830; CWE, Ardmore, PA). The oxygen concentration in the mixture was adjusted to maintain arterial partial O 2 pressure between 120 and 140 mmHg. Endtidal CO 2 was continuously monitored with a CO 2 analyzer (Capstar-100; CWE) (38) . CBF was monitored with two laserDoppler flow probes (Vasamedic, Minneapolis, MN) placed through burr holes drilled in the center (3.5 mm lateral to the midline and 1 mm caudal to bregma) and the periphery (1.5 mm lateral to the midline and 1.7 mm rostral to lambda) of the ischemic territory (38) . The location of the probe was selected in preliminary experiments to correspond to the region of brain that is spared from infarction in COX-2-deficient mice. After placement of the probes, the MCA was occluded and CBF was monitored for 90 min. CBF data are expressed as a percentage of the preocclusion value. Arterial pressure and blood gases did not differ between COX-2 ϩ͞ϩ and Ϫ͞Ϫ mice (10 min after MCA occlusion: COX-2 ϩ͞ϩ: arterial pressure: 83 Ϯ 3 mmHg; paCO 2 : 34.6 Ϯ 0.6 mmHg; arterial partial O 2 pressure: 125 Ϯ 6 mmHg; pH: 7.35 Ϯ 0.02; COX-2 Ϫ͞Ϫ: arterial pressure: 84 Ϯ 2; paCO 2 : 33.1 Ϯ 0.8; arterial partial O 2 pressure: 126 Ϯ 5; pH: 7.33 Ϯ 0.02).
Renal Function. Because COX-2-null mice develop renal disease (35) , plasma creatinine was measured by standard colorimetric methods. Furthermore, histological analysis of the kidneys was performed in paraffin-embedded sections stained with hematoxylin and eosin. Creatinine did not differ between COX-2 ϩ͞ϩ (0.18 Ϯ 0.07 mg͞dl; n ϭ 6) and ϩ͞Ϫ mice (0.18 Ϯ 0.05; n ϭ 6) (P Ͼ 0.05 from COX-2 ϩ͞ϩ). In COX-2 Ϫ͞Ϫ mice (n ϭ 6), creatinine was elevated (0.43 Ϯ 0.08; P Ͻ 0.05 from COX-2 ϩ͞ϩ) but still in the normal range (45). COX-2 Ϫ͞Ϫ mice had hypertrophy of the juxtaglomerular apparatus and macula densa but no alterations in the glomeruli or tubules.
Data Analysis. Data in the text and figures are expressed as means Ϯ SEM. Multiple comparisons were evaluated statistically by the analysis of variance and Tukey's test. Two-group comparisons were analyzed by the two-tailed Student's t test for independent samples. For all procedures, probability values of less than 0.05 were considered statistically significant.
Results

Postischemic COX-2 Expression Is Attenuated in COX-2-Null Mice.
First, we sought to establish whether the increase in COX-2 expression that occurs after cerebral ischemia is reduced in COX-2-null mice. In COX-2 ϩ͞ϩ mice, COX-2 mRNA was increased in the ischemic cortex 24 h after MCA occlusion by 2-to 3-fold (Fig. 1A) . The up-regulation was reduced in COX-2 ϩ͞Ϫ (P Ͻ 0.05, analysis of variance) (Fig. 1B) . COX-2 mRNA was not detected in either the ischemic or the nonischemic cortex in COX-2 Ϫ͞Ϫ mice. In contrast, expression of COX-1 mRNA was comparable in COX-2 ϩ͞ϩ, ϩ͞Ϫ, and Ϫ͞Ϫ mice ( Fig.  2A) . To determine whether the reduction in COX-2 mRNA expression is associated with a reduction in COX-2 enzymatic Similar results were obtained in four separate groups of COX-2 ϩ͞ϩ, ϩ͞Ϫ, and Ϫ͞Ϫ mice. COX-1͞PBD OD ratios in the ischemic cortex of COX-2 ϩ͞ϩ, ϩ͞Ϫ, and Ϫ͞Ϫ mice were 1.7 Ϯ 0.4, 1.6 Ϯ 0.2, and 1.8 Ϯ 0.5, respectively (n ϭ 4 per group; P Ͼ 0.05). Abbreviations are as in Fig. 1. (B) Effect of MCA occlusion on PGE 2 concentration in the ischemic cortex (Stroke) and contralateral cortex. The PGE 2 elevation in the ischemic cortex in COX-2 ϩ͞ϩ (n ϭ 8) was attenuated in COX-2 ϩ͞Ϫ (n ϭ 7) and abolished in COX-2 Ϫ͞Ϫ mice (n ϭ 7) ( * , P Ͻ 0.05 from contralateral; #, P Ͻ 0.05 from ϩ͞ϩ stroke).
activity, the concentration of the COX reaction product PGE 2 was measured in the ischemic and nonischemic cortex 24 h after MCA occlusion. PGE 2 concentration was significantly elevated in the ischemic cortex of COX-2 ϩ͞ϩ mice (Fig. 2B) . The elevation was attenuated in COX-2 ϩ͞Ϫ mice and absent in COX-2 Ϫ͞Ϫ mice (Fig. 2B) .
Ischemic Brain Injury Is Reduced in COX-2-Null Mice. We then studied the brain injury produced by MCA occlusion in COX-2-null mice. Mice were killed 96 h after ischemia, and the infarct volume (mm 3 ) was measured in brain sections stained with thionin (38) . The 96-h time point was selected on the basis of the fact that, at this time, the damage resulting from postischemic inflammation is fully expressed (38) . Infarct volume was significantly smaller in COX-2-null mice than in wild-type littermates (Fig. 3A) . The reduction was greater in COX-2 Ϫ͞Ϫ (Ϫ38 Ϯ 4%) than in ϩ͞Ϫ mice (Ϫ20 Ϯ 3%) (Fig. 3A) . These data suggest that COX-2 contributes to ischemic brain injury.
To determine whether COX-2 is also involved in pathogenic processes that occur in the initial stages of cerebral ischemia, we studied infarct volume in mice killed 24 h after ischemia. At this time the damage resulting from postischemic inflammation does not contribute to tissue injury (38) . For example, in mice lacking inducible nitric oxide synthase, an enzyme that plays a critical role in inflammatory responses, infarct volume is not reduced 24 h after ischemia, but only at 96 h (38) . We found that in COX-2-null mice infarct volume is also reduced 24 h after ischemia (Ϫ34 Ϯ 3%; Fig. 3B ). These data suggest that COX-2 is also involved in pathogenic events occurring in the early stages of cerebral ischemia.
Effect of MCA Occlusion on CBF in COX-2-Null Mice. The intensity of the ischemic insult has a profound impact on the ensuing brain damage (see ref. 46 for a review). We therefore studied the effect of MCA occlusion on neocortical CBF in COX-2 ϩ͞ϩ and Ϫ͞Ϫ mice. CBF was monitored both in the center of the ischemic territory and in the peripheral region that is spared from infarction in COX-2 Ϫ͞Ϫ mice. As illustrated in Fig. 3 C and D , the reduction in CBF in the center or periphery of the ischemic territory did not differ between COX-2 ϩ͞ϩ and Ϫ͞Ϫ mice (P Ͼ 0.05). These data demonstrate that the reduction in CBF in areas that are spared from infarction in COX-2 Ϫ͞Ϫ mice is comparable to that observed in COX-2 ϩ͞ϩ mice. Therefore, differences in the intensity of the ischemic insult cannot account for the neuroprotection observed in COX-2-null mice.
NMDA-Mediated Injury in Vivo Is Attenuated in COX-2-Null Mice.
Glutamate receptors play a critical role in the initiation of ischemic brain injury (12) . Therefore, we sought to determine whether the reduction in ischemic damage in COX-2-null mice could be attributed to reduced susceptibility to glutamate receptor-mediated damage. The glutamate receptor agonist NMDA was microinjected directly into the cerebral cortex, and injury volume was determined in thionin-stained brain sections 24 h later. At this time after NMDA microinjection, there is no histological evidence of inflammation in the area of the lesion (data not shown). In normal mice, NMDA microinjection increased the local concentration of PGE 2 and produced a welldefined neocortical lesion (Fig. 4 A and B) . The PGE 2 elevation was attenuated by treatment with the COX-2 inhibitor NS398 (20 mg͞kg i.p.; 1 h before NMDA), demonstrating that COX-2 was responsible for the increase in this prostaglandin (Fig. 4A) . NS398 administration (20 mg͞kg i.p.; 1 h before and 1 h after NMDA) also reduced the volume of the lesion (Fig. 4 C and D) . In addition, the NMDA-induced damage was markedly attenuated in COX-2 Ϫ͞Ϫ mice (Fig. 5) . Administration of NS398 reduced injury volume in COX-2 ϩ͞ϩ but not in COX-2 Ϫ͞Ϫ mice (Fig. 5C) , attesting to the specificity of the effect of NS398 on COX-2. Thus the brain damage produced by the activation of glutamate receptors is attenuated by COX-2 inhibition and in COX-2-null mice. 
Discussion
We used COX-2-null mice to investigate the role of COX-2 in the mechanisms of cerebral ischemic injury. We found that, after MCA occlusion, COX-2-null mice do not express COX-2 mRNA and have a reduction in the elevation in PGE 2 produced by cerebral ischemia. Furthermore, the volume of brain damage produced by MCA occlusion is markedly reduced in COX-2-null mice. The reduction in injury volume, like the elevation in COX-2 mRNA and PGE 2 , is more marked in homozygous than in heterozygous null mice. These findings provide strong evidence that COX-2 reaction products are involved in ischemic brain damage. Furthermore, the observation that, in COX-2-null mice, infarct volume is also reduced 24 h after MCA occlusion, supports the hypothesis that COX-2 is also involved in pathogenic events that take place in the early stages of cerebral ischemia.
The neuroprotection observed in COX-2-null mice cannot be attributed to differences in the intensity of the ischemic insult, because the reduction in CBF produced by MCA occlusion is comparable in COX-2 ϩ͞ϩ and Ϫ͞Ϫ mice. However, COX-2-null mice were found to be more resistant to the damage produced by the glutamate receptor antagonist NMDA. The reduction in excitotoxicity cannot be a consequence of alterations in the NMDA receptors in COX-2-null mice, because acute administration of the COX-2 inhibitor NS398 produced comparable attenuation in NMDA-induced injury. Conversely, the neuroprotection exerted by NS398 is unlikely to be due to effects of the drug unrelated to COX-2 inhibition, because NS398 did not confer protection in COX-2-null mice. These observations, collectively, provide evidence that COX-2 reaction products contribute to NMDA-mediated cytotoxicity. This conclusion is also supported by the observations that NS398 protects neuronal cultures from NMDA (47) and that neuronal cultures from transgenic mice overexpressing COX-2 are more susceptible to glutamate excitotoxicity (48) . Considering the critical role that NMDA receptors play in ischemic brain injury (see ref.
12 for a review), the data suggest that attenuation of glutamate receptor-dependent ischemic damage contributes to the reduction in ischemic injury observed in COX-2-null mice.
The mechanisms by which COX-2 contributes to neurotoxicity remain to be defined. Superoxide radicals, a COX-2 reaction product (49, 50) , are well known to participate in ischemic brain injury and could mediate tissue damage either directly or by reacting with nitric oxide to form the strong oxidant peroxynitrite (see ref. 51 for a review). Furthermore, COX-2 reaction products could activate poly(ADP-ribose) polymerase, an enzyme involved in DNA repair that contributes to neurotoxicity (52, 53) . In addition, PGE 2 , a major reaction product of COX-2 (54), could mediate toxicity by facilitating glutamate release from astrocytes (55) . However, the role of PGE 2 in neurotoxicity remains controversial because this prostaglandin has also been reported to counter the cytotoxic effects of glutamate (56) .
However, attenuation of glutamate neurotoxicity is not the sole mechanism of the protection from ischemic injury observed in COX-2-null mice. Cerebral ischemia is associated with an inflammatory reaction that contributes to tissue damage (57) . COX-2 is a critical factor in the cytotoxicity associated with inflammation (21) . It is therefore likely that COX-2 plays a role also in the mechanisms by which inflammation contributes to ischemic damage. This hypothesis is supported by the observation that the COX-2 inhibitor NS398 reduces ischemic injury even when administered 6 h after MCA occlusion (28) . At this time after focal ischemia, activation of NMDA receptors does not contribute to the damage, as evidenced by the fact that NMDA receptor antagonists are no longer protective (58) . Therefore, the evidence suggests that COX-2 also plays a role in the late stages of ischemic brain injury. The findings of the present study suggest that COX-2 is a promising pharmacological target for the treatment of ischemic stroke. COX-2 inhibition offers several advantages over other prospective neuroprotective strategies. First, by targeting both ''early'' and ''late'' components of ischemic injury, COX-2 inhibitors can act as a bimodal neuroprotective strategy, with a likelihood of success greater than that of unimodal therapies. Second, potent and selective COX-2 inhibitors have already proved to be relatively safe and well tolerated (22) . Therefore, examining their efficacy in stroke patients would be easier than testing potential neuroprotective agents with an unknown safety profile. Third, a large number of patients already take COX-2 inhibitors for treatment of osteoarthritis or pain (22) . Epidemiological studies could provide important clues to the usefulness of COX-2 inhibitors in stroke prevention and improvement of outcome. On the basis of these considerations, COX-2 inhibition seems an attractive therapeutic strategy for stroke and other diseases associated with glutamate excitotoxicity.
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